Abstract. Ablation characteristics of ultrashort laser pulses were investigated for pulse durations in the range of 130 fs-10 ps. Tissue samples used in the study were dental hard tissue (dentin) and water. We observed differences in ablation crater morphology for craters generated with pulse durations in the 130 fs-1 ps and the 5 ps-10 ps range. For the water experiment, the surface ablation and subsequent propagation of stress waves were monitored using Mach-Zehnder interferometry. For 130 fs-1 ps, energy is deposited on the surface while for longer pulses the beam penetrates into the sample. Both studies indicate that a transition occurs between 1 and 5 ps.
Introduction
Intense laser pulses can ionize atoms and break up molecules to create high temperature plasmas ͑ions and electrons͒. In plasma-mediated ablation the laser energy is absorbed by electrons which transfer their energy through collisions to the ions. The absorption coefficient of plasma is typically several orders of magnitude higher than that of the un-ionized material. The result is that laser absorption occurs in a very thin layer of material. In the case of ultrashort laser pulses ͑USLP͒ ͑pulse duration Ͻ1 ps͒ most absorption occurs in depth less than 1000 Å. Using USLP reduces the amount of energy transfer to the deeper ͑unablated͒ layers since the plasma expands rapidly, which results in rapid cooling. Also, the amount of energy transferred from the electrons to the ions ͑or lattice͒ is reduced. These effects have been used to explain the low thermal collateral damage produced by USLP. [1] [2] [3] [4] [5] [6] [7] The other advantage of USLP ablation is that the generated shock wave is quickly attenuated before propagating very far into the material. For nanosecond lasers the absorption process is complicated by plasma expansion which can generate an absorbing plume of low density material several hundred microns thick. In this case the region of maximum absorption is decoupled from the ablation front thereby reducing the ablation efficiency.
Numerous efforts have been made to apply USLP in medicine. Examples include dentistry, [8] [9] [10] ophthalmology, [11] [12] [13] [14] and neurosurgery. 15 Many of these applications take advantage of the minimal damage, high precision, and high ablation efficiency of USLP ablation.
Clinical use of subpicosecond pulses in tissue ablation is not practical at this stage. It is still too expensive to build subpicosecond lasers compared to longer pulse lasers. Also, due to group velocity dispersion and fiber damage problems, it is difficult to use standard optical fibers for USLP delivery.
This necessitates the use of an articulated arm. It is therefore of interest to compare the characteristics of ablation using subpicosecond pulses with a few picosecond pulses since it is conceivable that the few picosecond laser pulses might be transmitted through fibers with less detrimental effects of dispersion and fiber damage. It is also likely that picosecond lasers will cost less than femtosecond lasers.
The objective of this study is to investigate ablation in the low picosecond and subpicosecond range of pulse duration. For the hard tissue experiment, ablation craters were examined for the pulse duration range of 130 fs-10 ps. As a close approximation of soft tissue ablation, water ablation was studied using Mach-Zehnder interferometry. Patterns of shock wave generation in water due to USLP were investigated in the same pulse duration range. In fact, the shadowgraph method used by other researchers might give clearer pictures of the shock waves. [16] [17] [18] However, interferometry was used so that the pressure could be quantified, which will be published in a separate report in the future.
Materials and Methods
The complete ultrashort pulse laser system was composed of four separate, commercially available lasers. The actively mode-locked oscillator ͑Spectra-Physics, Tsunami͒ produced an 80 MHz pulse train with maximum output power of 800 mW at 800 nm. This oscillator was pumped by a 5 W, continuous, frequency-doubled Nd:YAG laser ͑Spectra-Physics, Millenia͒. The 80 MHz pulse train was amplified in a regenerative amplifier ͑Positive Light, Spitfire͒ by the chirped-pulse amplification process. The regenerative amplifier was pumped by a Q-switched Nd:YLF laser ͑Positive Light, Merlin͒. The maximum output energy of the amplified pulse was 1 mJ/ pulse at 800 nm and the pulse duration could be continuously changed by controlling the path length of the beam in the compressor. A scanning autocorrelator was used to measure the pulse duration and the shortest pulse duration was 130 fs.
The schematic of the experimental setup is shown in Figure 1 . The output beam energy was controlled by rotating the zeroth-order half-wave plate placed in front of the 72°polar-izing beam splitter and matching 72°mirror. Energy transmitted through the beam splitter was dumped and only the reflected beam was used for tissue ablation. The beam was focused using a 500 mm focal length antireflection-coated lens for hard tissue experiment and using a 250 mm lens for water experiment. The beam size was imaged at the focal plane using a microscope objective and a charge coupled device ͑CCD͒ camera ͑Cohu Inc.͒. The spot image was displayed using a beam analyzer ͑Spiricon Inc.͒. The focal position of the focus was found by moving the objective and CCD camera along the beam path and searching for the smallest spot size. The beam mode was close to TEM00 for all cases without noticeable hot spots and the beam size was 130 m for hard tissue studies and 60 m for water ablation experiment.
Hard Tissue Preparation
The hard tissue samples were human tooth slices. The teeth were collected from a local dental clinic after being sterilized. The teeth were cut into thin 600 m thick slices using a low-speed diamond saw ͑Buhler Inc͒. After being cut, the surfaces were polished using a 0.3 mil polishing paper. The quality of the tooth slices were examined under an optical microscope, and tested for surface defects. These slices were placed on transparent glass slides and irradiated with normally incident beams. After irradiation, the dentin slices were coated with platinum-gold coating with thickness of 20 nm before seen under scanning electron microscope.
Water Experiment
The USLP generated shock waves were monitored by using Mach-Zehnder interferometry. The experimental setup is shown in Figure 2 . The probe beam is split into two paths using a 50/50 beam splitter. One of the beam paths contains a cuvette filled with purified water. Another water-filled cuvette is placed on the other path of the interferometer to equalize the two beam paths. The two beams were recombined in another beam splitter to generate fringe patterns. As a probe, pulses from a N 2 laser-pumped dye laser ͑LSI Inc͒ with wavelength of 480 nm and pulse duration of 4 -5 ns were used. Therefore, the temporal resolution of the interferograms is 4 -5 ns. The USLP was incident normal to the water surface of one of the cuvettes. The stress wave generated from the surface causes water density changes that result in the fringe shifts on the interferograms. A 50 mm camera objective ͑Konica Inc.͒ was used to image the deposition zone onto a CCD camera ͑Princeton Instruments Inc.͒. The time interval between intense USLP irradiation and probing time was controlled by triggering the ultrashort pulse laser and dye laser from a pulse generator ͑Stanford Inc.͒.
Results

Hard Tissue Studies
Several groups have reported the ablation thresholds of various dielectrics for multiple pulse durations. 2, 3, 19 Similar measurements were performed using human dentin and the results are shown in Figure 3 . For each pulse duration, the dentin slices were irradiated with 1000 pulses on a single spot and multiple spots were irradiated using a range of fluences. The ablation threshold was defined as the minimum fluence that induces morphologic changes on the dentin surface. The repetition rate was fixed at 1 kHz and the beam size was 130 m full width half maximum. The pulse length range scanned was 130 fs-20 ps.
It is well known that the ablation thresholds for dielectrics increase as the square root of pulse duration for pulses longer than tens of picoseconds. 2 The threshold for dentin was found to follow the same rule for pulse durations of 5 ps and longer.
The threshold scaling differs from 1/2 when the pulse duration is shorter than 5 ps. Our threshold values are in agreement with published data. 5 The threshold fluence for 130 fs was 0.75 J/cm 2 and increases up to 3.8 J/cm 2 for 20 ps which is approximately four times the 130 fs threshold. Three samples were measured and the error bars correspond to the standard deviation of these three measurements.
Ablation craters were created on the dentin surface using fluences at twice the threshold values for 130 fs, 1 ps, 5 ps, and 10 ps pulses. The beam size was 130 m for all cases. Top and side views of the craters are shown in Figure 4 . These pictures were taken using scanning electron microscopy ͑SEM͒. The walls and edges of the craters created using pulse durations 1 ps and shorter show comparatively smooth surfaces. The dentin tubules are mostly intact and open, both at the wall and at the periphery of the craters. On the other hand, the pictures of craters created by 5 and 10 ps pulses show rough surfaces and melted edges. Figure 5 shows the measured depth of the ablation craters as a function of the number of shots for 130 fs, 1 ps, and 10 ps pulses. The fluences were the same as those used for craters in Figure 4 -twice the threshold values for each pulse duration. Single datum was collected for each combination of pulse duration and number of pulses. Some graphs show slightly decreased ablation depth even with increased number of shots. This is simply because of the site to site variation of different spots on the dentin. The depth of the craters could not be measured using conventional optical microscopy because it was difficult to image the bottom of the craters due to the high aspect ratio of the crater shape. 20 Instead, a SEM was used to measure the depth of the craters. They were measured by focusing the SEM images at the surface and at the bottom of each crater. The distance between these two foci corresponds to the crater depth. For all pulse durations a limited crater depth was achieved in a finite number of shots. This is a well-known phenomenon, and is due to the strong scaling of the ablation threshold with intensity combined with the Gaussian focal spot intensity distribution. 10, 20 From Figure 5 , it is evident that the final crater depth improves with longer pulse duration. This may be caused by additional thermal ablation that is associated with longer pulse irradiation, as evidenced by melting at the crater walls and edges. A detailed explanation will be given in the discussion. Figure 6 shows how the ablation efficiency (m/J) drops off quickly as the number of shots increases. The initial efficiency is the highest when 130 fs is used. The ablation efficiency drops by 35% for 1 ps and by 60% for 10 ps.
Water Studies
The water ablation threshold was defined as the fluence that creates an observable spherical acoustic wave. The spherical waves are generated when the pulse energy is deposited on the surface. Figure 7 shows the measured threshold of water in the pulse duration range of 130 fs-10 ps. Similar to Figure  3 , the ablation threshold scales with the square root of pulse duration for 5 and 10 ps pulses but a reduced scaling is obtained for 1 ps and shorter pulses. The beam size was 60 m for all cases.
Interferograms were taken near threshold using a CCD camera; resulting images are shown in Figure 8 . Since the fluence is near threshold, the stress waves are barely seen in these pictures. The delay time between the USLP and probe beam was approximately 70-100 ns for all cases. The pictures for 130 fs, 500 fs, and 1 ps show a similar pattern, that is, stress waves were generated from the surface and propagated spherically forming hemispheres. For the cases of 5 and 10 ps, cylindrical waves propagated radially from channel formed at the beam axis in addition to the spherical waves. A transition between 1 and 5 ps pulse lengths is observed in terms of stress wave propagation. A possible explanation of this observation is presented in the latter part of this paper.
Discussion
Advantages of plasma-mediated ablation due to subpicosecond laser pulses have been studied theoretically and experimentally, and reported by many researchers. However, practical use of femtosecond lasers might be hindered by their high cost and difficulty in providing a delivery system. We assumed that if laser pulses in the range of 1-10 ps showed similar ablation characteristics as femtosecond pulses, the cost and delivery problems might be alleviated. This was the major issue explored in the present study.
The ablation threshold for hard dental tissue between 130 fs and 1 ps differs only by 50%, and the longer pulse offers a larger ͑25%͒ final depth. Also morphology of ablation craters formed by 130 fs and 1 ps pulses are not noticeably different. However, ablation craters formed by 5 ps and longer pulses showed more thermal damage both at the edge and wall. A larger fraction of absorbed energy of the 5 ps or longer pulses is used for heating the material rather than for material removal, which results in reduced ablation efficiency with longer pulses ͑Figure 6͒.
Considering that 70%-80% of the body mass is water, water ablation is a good approximation for soft tissue ablation except that there might be more linear absorption for biological tissues. Considering that linear absorption does not play a significant role for USP plasma-mediated ablation, this approximation is further justified. The stress waves generated with 130 fs-1 ps and 5-10 ps show clearly different patterns. For 130 fs-1 ps, only spherical waves are generated from the surface while vertical channel and cylindrical waves are also observed for 5-10 ps pulses. This result is consistent with the transition in our hard tissue studies; a possible explanation is given below.
The free electron number density ͑n͒ evolution during USLP irradiation can be described by
where ␣ is a avalanche constant ͑cm tional to I 5 since the water band-gap energy is approximately 6.5 eV. 21 Free electrons are generated not only by the linear term ͑␣In, electron avalanche ionization͒ but also by the strong nonlinear term ͓P(I), multiphoton ionization͔. For development of avalanche ionization, initial ''seed'' electrons are needed. Such seed electrons are produced by multiphoton ionization when the laser intensity is high. For extremely short pulses ͑such as a few tens of femtoseconds͒ with high intensity, multiphoton ionization alone can produce enough electrons for material damage. 1, 22, 23 For longer pulses, most electrons are produced by avalanche, nevertheless, multiphoton ionization plays an important role by creating necessary ''seed'' electrons. Detailed theoretical studies of electron evolution for water were reported by Noack and Vogel. For plasma-mediated optical breakdown of material, the ablation threshold is usually defined as the fluence at which the free electron density ͑n͒ reaches the critical electron density ͑n cr ϳ10 21 / 2 cm Ϫ3 where is in m͒. Above threshold, the critical electron density is reached within the duration of the pulse. When nϾn cr the light penetrates approximately one skin depth into the plasma layer and is partially reflected. All energy deposition is confined to this surface plasma layer. For extremely short pulses where multiphoton ionization contributes significantly, n c is reached near the pulse peak and the later half of the pulse is absorbed. However, when n is below n cr the laser can penetrate into and through the plasma layer and deposit energy at depth. As the pulse duration lengthens, a supercritical plasma layer may be created only toward the end of the pulse. In this case the leading edge of the pulse is able to penetrate significantly into the material and deposit energy volumetrically ͓See Figures 8͑d͒ and 8͑e͔͒ . This volumetrically deposited energy may not be useful for ablation since much of the material is not heated enough to vaporize it due to low deposited energy, although it may be melted or otherwise damaged. It was demonstrated that the free electrons are formed more rapidly for shorter pulses. 1 This implies that a larger fraction of the pulse energy is transmitted into the samples when longer pulses irradiate the material. It was also shown that more energy is needed to initiate the ablation of the material when using the longer pulses ͑Figures 3 and 7͒. Therefore, for longer pulses more energy is transmitted through the material causing distributed energy deposition. Energy deposition along the beam path will induce cylindrical waves as shown in this study.
In the case of hard tissue experiments, part of the pulse is transmitted through the surface and deposits energy in a similar way but over a shorter distance due to higher linear absorption. The deposited energy is too low to ablate the material but large enough to produce melting and change the crater morphology.
Interestingly, the hard and soft tissue experiments agree on the pulse duration corresponding to the transition of ablation patterns. Both results indicate that the transition occurs between 1 and 5 ps. The large transmission of the pulse energy for 5 ps pulses is indicated by the formation of the vertical channel during water ablation and this might explain why more thermal damage is observed for the hard tissue ablation. It is still not clear what this transition might mean in clinical applications. However, it is clear that tens of picosecond pulses will induce more thermal damage to the pheriphery of the target tissue. 1 ps pulses might be preferred if the manufacturing cost can be reduced using 1 ps pulse lasers rather than 100 fs lasers.
Conclusion
Ablation threshold and crater morphology studies show that 1 ps pulse duration might be suitable for low-damage and effective tissue ablation. Longer duration pulses waste more energy on collateral heating and mechanical damage.
